Abstract
Introduction

1
Adaptive optics retinal imaging is an emerging technology for providing high resolution in vivo 2 imaging of the human retina. [1] [2] [3] [4] [5] [6] [7] One of the most striking advancements enabled by adaptive 3 optics imaging has been the ability to visualize individual photoreceptors cells. [8] [9] [10] [11] This 4 capability has enabled detailed studies of the spatial distribution of photoreceptors as well as of 5 individual variations. These capabilities in turn have enabled increasing sophistication in 6 understanding the relation between vision and the photoreceptor matrix. [12] [13] [14] Clinically the ability 7 to quantify both the number and spatial arrangements of the cones has raised the possibility of 8 detailed examination of photoreceptor changes in retinal disease, [15] [16] [17] [18] [19] as well as the possibility of 9 improved monitoring of advanced therapies for photoreceptor degenerations. 
Subjects
17
Eight healthy subjects (8 eyes; 7 males and 1 female; age range 18-58 yr, mean±SD = 32±14) 18 participated in this study. An additional subject (36 yr male) was imaged to demonstrate the consequences of the study. This study protocol was approved by the Indiana University Review Board and complied with the requirements of the Declaration of Helsinki. 
AOSLO instrumentation
10
The Indiana AOSLO used in this experiment has been described in detail previously. 44 The
11
Indiana AOSLO uses a supercontinuum source (Fianium Ltd., Southampton, UK) to provide 12 both the wavefront sensing and the infrared imaging sources. Wavefront sensing and infrared
13
imaging were performed at 740 nm and 820 nm, with wavelengths obtained using interference 14 filters (Semrock Inc., Lake Forest, IL) with bandwidths of 13 nm and 12 nm, respectively. Light horizontal scanners were programmed to provide full frame images of 1.3° x 1.2° at a frame rate 20 of 28 Hz. Subject's head movements were stabilized using a chin and head rest. The incident 21 corneal power level of the infrared light source was set at 50 µW for the wavefront sensing The technique for offsetting the confocal aperture and the rationale for using an offset aperture 5 when imaging the retinal vasculature has been described previously.
23
This technique allows us 6 to image the vascular wall fine structure in vivo and noninvasively. In brief the displaced 
Imaging retinal arteries and arterioles with various lumen diameters
19
Retinal arteries and arterioles with various lumen diameters along the superior or inferior arcade 20 were first marked on the Spectralis SLO en face image before the AOSLO imaging session. Venules with lumen diameter greater than 100 µm were imaged in all subjects. Venules smaller 5 than 100µm were imaged occasionally. We avoided cilioretinal arterioles in this study since their 6 origin is anatomically different and pilot studies of cilioretinal arteries showed a thicker and 7 more variable wall structure quite different from that of the retinal arterioles, so this study 8 restricted itself to the usual retinal vessels. 
Results
4
The contrast of the vascular walls and associated fine structure was higher for the multiply-5 scattered light imaging approach with a displaced aperture (Figure 1-B1 ) when comparing to 6 singly scattered light imaging approach with a confocal aperture (Figure 1-A1 ). We were able to 7 image fine structure in the vascular wall in all eight subjects for Group 1, 2 and 3 vessels using 8 an AOSLO with a displaced aperture. In general, the best visualization of the arteriolar walls was 9 achieved by displacing the aperture orthogonal to the direction of blood flow. blood vessels, respectively. The mean±SD (number of cells / 100 µm on one side) of mural cells 1 density was 7±1, 7±3, and 5±2 for Group 1, Group 2, and Group 3 blood vessels, respectively.
2
The differences measured were not significantly different for this relatively small sample size. In addition to the mural cell appearance, the overall structure of the vascular walls and the were separated by a thin dark middle layer (Figure 2-A3) . For Group 2 and 3 arterioles, only one 18 crenulated layer was identified (Figures 2-B3 and 2-C3, black arrows) . Also note that the (Figures 2-A1, 2-B1, & 2-C1) . Prior histological studies have also suggested that 6 the inner endothelial cells and the outer vSMCs are not in direct contact with each other; instead While the correspondences between the in vivo imaging and previous histological studies are 8 good, the exact equivalence is difficult to confirm. For the human data we are using unstained, 9 living tissue, and most studies have used post-mortem, stained tissue. In addition, our resolution 10 is limited by the numerical aperture of the human eye, and so the resolution is limited to a little 11 less than 2 µm for our imaging wavelength. Nevertheless, we believe the correspondences are 12 good, and this supports the conclusion that we are imaging mural cells in the living human retina. the structures we are imaging represent 1 small variations in the index of refraction but they are larger than the approximately 2 µm 2 resolution limit for our imaging system. The second limitation is contrast, and here we are using 3 an approach that detects the vascular walls based on forward scatter that is in turn scattered back 4 towards the pupil.
23
This imaging approach is closely related to phase contrast microscopy.
60
As 5 the imaging beam passes over the vessels the first time, some of the light is diffracted at the 6 vascular wall due to the change in refractive index. While the angle of diffraction is related to the 7 spatial frequency of the wall structure, the amount of light diffracted is related to the total 8 refractive index difference and axial dimension of the structure within the focal volume. Imaging 9 the vascular wall then becomes an issue of detecting this light that has been diffracted at an angle 10 from the vessel and then scattered back towards the pupil.
23
Because we use a large displaced 11 aperture, the AOSLO has a large depth of field. This means that we have a very large 12 background signal, which arises from the out of focus elements of the retina and a relatively 13 small signal from the vessel structure. We obtain contrast from the plane of focus because it is 14 only here that the illumination beam is compact and a phase structure (the blood vessels) will 15 interact with a significant proportion of the impinging light and therefore be diffracted. Thus,
16
while the amount of light diffracted is relative small, the contribution of the non-diffracted light 17 is quite uniform. The result is that the high frequency information from the larger vessel walls 
34-36
It is often presumed that prevention of 11 the earliest events in the pathogenesis of diabetic retinopathy, such as pericyte loss and 12 microaneurysm development, will prevent the subsequent development of diabetic retinopathy.
13
Our noninvasive imaging approach could provide a unique opportunity to detect and monitor We have now shown that this type of imaging is possible in a sequential series of normal 
Conclusions
11
The current study has led to a new capability for AOSLO imaging: in vivo fine structure of 
